Abstract: This study examines factor substitution and energy intensity in the U.S. agricultural sector. Not only does this study focus on the substitution possibilities between energy and non-energy factors, but it also attempts to identify the factors that determine energy intensity. For the empirical analysis, a system of share equations for capital, energy and labor is estimated to calculate the price elasticities of factor demand. The findings reveal that energy demand is more elastic than the demand for capital and labor, and factor substitution possibilities exist across farm production regions. Moreover, the growth rate of energy intensity is decomposed into various driving forces, such as changes in budget, factor substitution, output and technology. The findings show that the budget and output effects are the major driving forces behind the reduced energy intensity, while there are few factor substitutions and technological improvements to reduce energy intensity in the U.S. agricultural sector.
Introduction
In the United States, farm production has increased due to the growth of productivity over the last few decades. According to the Economic Research Service of the United States Department of Agriculture (USDA-ERS), the annual growth rate of the total factor productivity (TFP) was more than 1.4% between 1948 and 2011, which contributed to substantial increases in agricultural outputs ( Figure 1 ). On average, agricultural outputs increased at an annual rate of 1.5%, and the use of production factors grew at an annual rate of less than 0.1% [1] . The growth of production factors has been remarkably stable, but the composition of production factors has changed over the period. Between 1948 and 2011, the U.S. agricultural sector decreased the amount of labor by 78% and land by 26%, but it increased the amount of capital and intermediate factors (e.g., energy, chemicals, purchased services, seed and feedstock) by 140% and 65%, respectively [1] . That is, the contribution of capital and intermediate factors to the agricultural output growth has been offset by the negative impact of labor and land on the growth. While the composition of production factors has shifted from labor and land to capital and intermediate factors, energy is of great interest among intermediate factors because agricultural production is very sensitive to changes in energy prices [2] [3] [4] . (The use of energy in agricultural production is typically categorized into two types. The first is direct energy use through the combustion of diesel, electricity, propane, natural gas and renewable fuels, and the second is indirect energy use through the application of energy-intensive factors, such as fertilizers and pesticides [2] [3] [4] . Through the direct and indirect use of energy, the U.S. agricultural sector currently uses about 800 trillion British thermal units of energy according to the U.S. Energy Information Administration (EIA)). In particular, it is an interesting feature that energy intensity (i.e., the ratio of energy to output) has dramatically decreased in the U.S. agricultural sector, while energy prices have increased ( Figure 2 ). The reduced energy intensity might be attributable to substantial increases in energy prices, advances in energy efficiency or changes in output composition [5, 6] . While the increased energy prices could have forced agricultural producers to reduce the use of energy directly, factor substitution or technological improvement could have reduced energy intensity by improving energy efficiency [7] [8] [9] [10] . If changes in the energy market conditions (e.g., energy prices) affected production costs, the U.S. agricultural sector might have increased capital investment in energy-saving technologies to counter high and volatile energy prices; or changes in output composition could have contributed to the reduction in energy intensity, because crop and livestock production systems require different energy use. However, in the literature, there has been little attention paid to the reasons for the reduced intensity of energy use in the U.S. agricultural sector. Given that energy is a critical factor for sustainable agricultural production, it is crucial to investigate empirically whether innovative activities for energy efficiency have occurred to reduce energy intensity in the U.S. agricultural sector. Thus, the objective of this study is two-fold. First, this study aims to explore the factor demand system of the U.S. agricultural sector. As many forecasts for substitution-augmenting technological improvement are based on empirically-estimated elasticities [11, 12] , it focuses on the price elasticities of factor demand to examine substitution possibilities between energy and non-energy factors. Second, this study attempts to identify the factors that determine energy intensity in the U.S. agricultural sector. It decomposes the growth rate of energy intensity into various driving forces, such as changes in budget, factor substitution, output and technology. In this study, factor substitution and energy intensity across farm production regions are compared to provide implications for increasingly scarce energy resources in the U.S. agricultural sector.
Methods

Translog Cost Model
The translog cost model is widely used to examine factor substitution possibilities [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The translog cost model in this study is constructed by a certain assumption about the production structure in the agricultural sector based on the approach of Fuss [24] . That is, the major production factors, such as capital (K), energy (E) and labor (L), are assumed to be weakly separable from materials. Since the weak separability allows one to derive the conditional demand function for the three production factors without explicit consideration of other production factors, a non-homothetic translog factor cost function is written as:
where C t is total cost; P it is the price of factor i for i = K, E, L; Y t is the level of output; T t denotes a time trend to capture the state of technology. In addition, β's are unknown parameters. The conditional factor demand functions are derived by applying Shephard's lemma. Differentiating the cost function specified in Equation (1) with respect to factor prices yields:
where S it denotes the cost share of factor i for i = K, E, L. In Equation (2), β i and β ij represent distribution and substitution parameters, respectively [25] . The distribution and substitution parameters obey the regularity conditions, so that the cost function satisfies the restrictions corresponding to a well-behaved production function. Since the shares must add to one, an adding-up condition, i β i = 1, is imposed on the distribution parameters. For the substitution parameters, linear homogeneity in factor prices obeys j β ij = 0 for i, j = K, E, L, and symmetry in factor prices satisfies β ij = β ji for all i = j. In addition, β iY and β iT measure the effects of output composition and biased technological changes, respectively, that require adding-up restrictions, such as i β iY = 0 and i β iT = 0. From the estimated parameters, the price elasticities of factor demand are obtained to examine substitution possibilities between any two factors. The elasticity of the demand for factor i with respect to the price of factor j is calculated by:
whereS i is the average cost share of factor i for i = K, E, L. The cross-price elasticities measure substitutability or complementarity. A positive η ij indicates that factors i and j are substitutes, while a negative η ij represents that they are complements.
Decomposition of Energy Intensity
Based on the approach of Welsch and Ochsen [5] , energy intensity is decomposed into various influences, such as budget, factor substitution, output and technological effects. The decomposition of energy intensity is commonly used to examine the determinants of energy intensity [26] [27] [28] [29] [30] . Energy intensity at time t (e t ) is written as:
where P Y t is the output price, P Et is the energy price and S Et is the energy cost share at time t. From the estimated energy share Ŝ Et , the estimated energy intensity (ê t ) is decomposed as:
where the decomposition of energy intensity includes six terms; each term in parenthesis is represented byê Bt ,ê Kt ,ê Et ,ê Lt ,ê Y t andê T t , respectively. The first term (ê Bt ) measures the extent to which energy prices affect energy intensity at a given energy cost share, which represents the budget effect on energy intensity. The second through fourth terms (ê Bt ,ê Kt andê Et ) capture the factor substitution effects on energy intensity. In addition, the fifth term (ê Y t ) measures the output effect on energy intensity, while the sixth term (ê T t ) indicates the effect of technological change on energy intensity. Based on the decomposition specified in Equation (5), the growth rate of energy intensity is measured by changes in budget, factor substitution, output and technological effects. The growth rate of energy intensity is written as: 
where ∆ê t /ê t is the growth rate of aggregate energy intensity and ∆ê it /ê it denotes the growth rate of each attribute for i = B, K, E, L, Y, T . In addition,ê it andê t indicate energy intensity in a baseline year. The decomposition in Equation (6) indicates the long-term changes in energy intensity. The positive sign of the term on the right side of Equation (6) indicates that the attribute contributes to an increase in energy intensity, but the negative sign represents that the attribute contributes to a decrease in energy intensity.
Empirical Results
Data and Estimation Results
Data are obtained from the Agricultural Productivity published by the USDA-ERS [31] . The data contain the indices of relative prices and implicit quantities of capital, energy and labor, as well as output across 48 states for the period from 1960 to 2004: a panel dataset with a total of 2160 observation.
The data for the 48 states are grouped into 10 production regions according to geographic location of production, which allows reflecting similarities in agricultural production ( Table 1 ). The production regions are classified into the Northeast, Lake States, Corn Belt, Northern Plains, Appalachian, Southeast, Delta States, Southern Plains, Mountain and Pacific regions [32] . It is typically considered that grains, such as corn and soybeans, are grown in the Corn Belt, Northern Plains and Southern Plains; oil production is concentrated in the Southeast and Delta States; and fruits and vegetables are grown mainly in the Southeast, Mountain and Pacific regions. Moreover, beef production is clustered into the Corn Belt and Northern Plains; dairy production is focused in the Northeast, Lake States and Corn Belt; and poultry production is concentrated in the Southeast region. Figure 3 describes regional differences in energy intensity calculated by taking the average of the states' energy intensity within each production region. While there were regional differences in energy intensity across the production regions, energy intensity significantly decreased between 1960 and 2004. The factor share equations specified in Equation (2) are estimated by using the pooled time series data for a cross-section of 10 production regions. To account for regional differences, regional dummy variables are added to Equation (2); the variable equals 1 for a specific production region and 0 for the other production regions. In addition, a structural dummy variable is included to account for two oil crises over the sample period; the variable is equal to 1 for the 1973 to 1974 and 1979 to 1980 periods and 0 for the other periods. The iterative seemingly unrelated regression technique is used in the estimation procedure, which ignores serial correlation in the error term (autocorrelation), but accounts for error correlations across equations [17] . While both homogeneity and symmetry restrictions are imposed on factor prices, the labor share equation is dropped because the parameters for this equation are retrieved by using the adding-up restrictions. The estimation results are presented in Table 2 , and the model specification is characterized by high R squared.
Factor Substitution
The estimated parameters in Table 2 are used to calculate the price elasticities of factor demand based on Equation (3). The price elasticities of factor demand reported in Table 3 are evaluated at the five-year average factor shares for the periods of 1960 to 1964 and 2000 to 2004 to represent the estimates in the 1960s and 2000s, respectively. In the estimated price elasticities of factor demand, all own-price elasticities are negative and statistically significant, showing that the own-price elasticities of capital and energy demand in the 2000s are less than in the 1960s, but those of labor demand are greater. In the 2000s, for instance, a 1% increase in the own prices reduces the demand for capital, energy and labor by 0.67%, 0.98% and 0.34%, respectively, at the national level. The differences in the extent to which factor demand responds to its own price are relatively small across the production regions. Specifically, in the 2000s, the absolute values of the own-price elasticities of capital demand range from 0.62 (Corn Belt) to 0.72 (Pacific), while those of energy demand vary from 0.94 (Mountain) to 1.03 (Appalachian). The absolute values of the own-price elasticities of labor demand range from 0.26 (Pacific) to 0.41 (Northern Plains). While labor demand is the most inelastic, energy demand is more elastic than the other factors, which represents that the U.S. agricultural sector is relatively flexible to change energy demand in response to volatile energy prices (The estimated own-price elasticities are close to the long-run estimates obtained by Griffin and Gregory [14] , Pindyck [17] and Pindyck and Rotemberg [33] ). Statistical evidence implies that it is easier for most agricultural producers to adjust energy demand rather than capital or labor demand. From the survey results of Beckman et al. [4] , it is likely that they adjust the absolute amount of energy directly in response to changes in energy prices.
In addition, the estimated cross-price elasticities presented in Table 3 reveal significant substitution possibilities among the three factors. In the 1960s, statistical evidence shows that there are no substitutable relationships between capital and energy, except for the Northern Plains, whereas complementary relationships are shown in some production regions, such as the Northeast, Lake States, Northern Plains, Southeast and Delta States. However, capital and energy become substitutes in the 2000s (Debertin et al. [34] show that energy in agriculture is a complement for machinery in the 1950s, but it is a substitute in the 1970s). In the 2000s, statistical evidence reveals that the extent to which capital substitutes for energy (0.05) is less than that to which energy substitutes for capital (0.16) at the national level. It is more likely that the U.S. agricultural sector adjusts energy demand in response to capital prices rather than capital demand in response to energy prices. Similar substitution possibilities between capital and energy are also shown across the production regions in the 2000s. The substitution of capital for energy occurs with a range from 0.03 (Appalachian) to 0.08 (Northern Plains), while the substitution of energy for capital occurs with a range from 0.08 (Pacific) to 0.23 (Northern Plains). The substitution of capital for energy implies that an increase in energy prices contributes to capital intensiveness in these regions, but the extent to which capital is invested in energy-saving operations is relatively small for each region. Note: Standard errors are in parentheses; *** Denotes statistical significance at the 1% level; ** Denotes statistical significance at the 5% level; * Denotes statistical significance at the 10% level.
Moreover, there exist substitutable relationships between labor and energy in the 1960s and 2000s. While the extent to which labor substitutes for energy in the 2000s is greater than in the 1960s, the extent to which energy substitutes for labor is less. Specifically, in the 2000s, the energy-price elasticity of labor demand is about 0.10, but the labor-price elasticity of energy demand is about 0.82 at the national level, showing that the U.S. agricultural sector tends to increase energy use in response to an increase in labor prices. The estimates for all regions also show consistent results regarding substitutable relationships between labor and energy. While the energy-price elasticities of labor demand range from 0.08 (Appalachian) to 0.13 (Northern Plains), the labor-price elasticities of energy demand vary from 0.72 (Northern Plains) to 0.91 (Pacific). Interestingly, the U.S. agricultural sector is more likely to respond to capital and labor prices, thereby substituting energy for them. This demonstrates that there are more incentives for the U.S. agricultural sector to increase energy intensiveness to cope with an increase in capital and labor prices. Admittedly, the U.S. agricultural sector also increases labor and capital intensiveness in response to an increase in energy prices, but the extent to which it replaces energy with capital and labor is very small for each region.
Energy Intensity
The decomposition method allows one to identify the driving forces of energy intensity changes in the U.S. agricultural sector. While energy intensity is decomposed into budget, substitution, output and technological effects, the decomposition of the growth rate of energy intensity shows how much the driving forces have contributed to changes in energy intensity over the period Table 4 reveals the decomposition results of energy intensity changes based on Equation (6) . The estimated energy intensity at the national level decreased by about 37.8%, which was driven mainly by the budget (24.5%) and output (21.3%) effects. While the U.S. agricultural sector experienced the substantial growth of productivity to reduce energy use, the sector should reduce energy intensity because agricultural producers could not endure increasing energy costs under their budget constraints. On the other hand, factor substitution had little influence on the reduced energy intensity. The increased capital price triggered the reduction in energy intensity by 0.3%, whereas the increased wage rate increased energy intensity by 6.0%. There was also little technological improvement to reduce energy intensity. The direction was from energy-intensive to energy-saving technology, but it contributed to the reduction in energy intensity only by 0.5%. The estimated energy intensity also decreased at the regional level with a range from 24.6% (Mountain) to 47.5% (Corn Belt). The budget effect was one of the main driving forces across the production regions, which varied from 15.8% (Mountain) to 32.1% (Delta States). Most production regions could not afford to bear the increased energy costs under their budget constraints. The output effect was also another driving factor that consistently contributed to the reduction in energy intensity across the production regions. From the negative output effects with a range from 13.4% (Mountain) to 25.9% (Delta States), statistical evidence reveals that the increased agricultural production has required less energy, inducing the reduced energy intensity.
On the other hand, there exist regional differences in factor substitution effects due to changes in the substitution rates between energy and non-energy factors. The energy substitution for capital had little contribution to the reduction in energy intensity. While capital prices decreased energy intensity in the Lake States (0.9%), Appalachian (0.4%), Southeast (0.8%) and Mountain (7.1%) regions, they increased energy intensity in the Northeast (0.2%), Corn Belt (3.1%), Northern Plains (2.5%), Delta States (3.9%), Southern Plains (1.2%) and Pacific (0.6%) regions. However, the energy substitution for labor increased energy intensity in most regions, except for the Corn Belt. While the substitution of energy for labor reduced energy intensity in the Corn Belt by 1.6%, the factor substitution effects led to an increase in energy intensity with a range from 2.5% (Southern Plains) to 13.7% (Mountain). In addition, technological changes had little contribution to the reduced energy intensity across the production regions. The technological improvement reduced energy intensity with a rage from 0.3% (Mountain) to 0.7% (Delta States), but its magnitude was very small for each region. Combined with the weak energy-capital substitution effects, the effects of technological changes on energy intensity provide critical implications for energy use in the U.S. agricultural sector. That is, the factor substitution and technological effects differ across the regions, but the extent to which their effects reduce energy intensity is not apparent in the results. While the growth of agricultural production appears to require less energy use, it is unlikely that the U.S. agricultural sector has invested capital in energy efficiency or pursued technological improvement to reduce the dependence on energy. It is more likely that the U.S. agricultural sector has reduced energy intensity directly due to the budget and output effects.
Summary and Discussion
The inspiration for this study comes from the documented reduction in energy intensity in the U.S. agricultural sector. While the U.S. agricultural sector has increased the amount for capital and intermediate factors, energy intensity has dramatically decreased over the last few decades. The reduced energy intensity is attributable to increases in energy prices, advances in energy efficiency or changes in output composition, but the literature has paid little attention to identifying the determinants that contribute to the reduction in energy intensity. Given that energy is an important factor for sustainable agriculture, not only does this study contribute to examining the factor demand system with a focus on substitution possibilities between energy and non-energy factors, it also identifies the factors that induce the reduced energy intensity. Moreover, this study contributes to the literature by providing statistical information about regional differences in factor substitution and energy intensity.
The empirical analysis in this study was performed by using the translog cost model, which offered critical values in terms of the price elasticities of factor demand. The estimation results indicated that energy demand was more elastic than the demand for capital and labor, implying that agricultural producers were more flexible to adjust energy demand in response to rapid changes in energy prices rather than to adjust capital or labor demand. Substitution possibilities between energy and non-energy factors existed at the national and regional levels in the 2000s, but the results showed that the U.S. agricultural sector had more incentives to increase energy use in response to rising capital and labor prices rather than to increase capital and labor intensiveness in response to increasing energy prices. Moreover, the decomposition results indicated that the budget and output effects were the major driving forces behind the reduced energy intensity. There were few factor substitutions and technological improvements to reduce energy intensity in the U.S. agricultural sector. Variations existed across regions, but it was likely that the increased energy prices forced the U.S. agricultural sector to reduce energy intensity due to the energy budget constraints, while the output growth required less energy use in agricultural production.
The empirical findings in this study would be in line with previous studies. While the output effects would be attributed to the substantial growth of productivity over the last few decades, the budget effects could be explained by the survey results of Beckman et al. [4] . The significant budget effects in this study would be consistent with their survey results, because they showed that most agricultural producers would keep engines served, reduce trips over a field or decrease the absolute amount of energy in response to higher fuel prices. Moreover, the findings regarding factor substitution and technological improvement would be in accordance with the findings of Wing [6] , who showed that the price-induced substitution of variable inputs would generate transitory energy savings, while innovation induced by energy prices would have only a minor impact on the U.S. economy. As a consequence, the budget and output effects were the main driving factors that reduced energy intensity in the U.S. agricultural sector. Innovative activities to reduce energy intensity would be needed for sustainable agricultural production, because they could reduce the risk associated with uncertain energy prices.
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